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Collision-induced neutral loss reactions of molecular dications

Stephen D. Price 1, Michele Manning and Stephen R. Leone 2
Joint Institute for Laboratory Astrophysics. National Instiute of Standards and Technology and University of Colorado.
Boulder. CO 80309, USA
and Department of Chemistry and Biochemistry. Unversity of Colorado. Boulder. CO 80309. USA

Received 2 September 1993; in final form 8 September 1993

Collision-induced neutral loss reactions are observed to be a major product channel for reactions of CF÷, SF2÷, SF1÷ and
SF12 with the rare gases at 49 eV laboratory collision energy. This reactivity, which involves the formation of doubly charged
molecular daughter ions, differs markedly from that observed for other molecular dications. The doubly charged product ion yield
is largest for systems in which charge transfer does not compete effectively with the collision-induced process.

1. Introduction perimental information concerning dication bimo-
lecular reactivity, we recently initiated a series of

Studies of gas-phase molecular dications have studies of the collisional reactivity of larger molec-
principally focused on the properties of the isolated ular dications. For several of these larger perfluori-
species [ 1-8 ]. However, there is increasing interest nated dications we observe an unusual collisional
in the bimolecular reactions of gas-phase molecular process, collision-induced neutral loss (CINL), as a
dications [9-141. Recent studies of the collisional major channel. This CINL reaction,
reactivity of molecular dications have concentrated XF• ÷ +Rg-XF• +_ +F+Rg, (3)
on the interactions of commonly produced dications
(e.g. N2÷, CO2 ÷, CO2, COS2 +) with the rare gases results in the formation of a stable molecular dicat-
(Rg). These studies show a reactivity dominated by ion as a reaction product. To date, experiments have
competition between charge-transfer (CT) reactions shown that the collisional chemistry of molecular di-

cations is dominated by CT and CICS, and reports
AB2 ÷ + Rg-.AB÷ + Rg+ , (1) of bimolecular neutral loss reactions are scarce [9-

and collision-induced charge-separation (CICS) 14]. However. the mechanism of bimolecular reac-

reactions, tions involving the loss of neutral species from mo-
lecular dications to form atomic dications has been

AB"2 + + Rg-4A÷ + B÷ + Rg. (2) investigated by translational energy spectroscopy at
5 keV collision energy [ 17 1. This study concluded

In the intermediate collision energy regime, covering that two reaction mechanisms contributed to the
collision energies of approximately 0.1-200 eV, ex- atomic dication yield, one pathway involving dicat-
periments show that charge transfer dominates the ion electronic excitation and the second perhaps in-
reactivity, although CICS is important when the CT volving a curve crossing. The above study also re-
channels are not energetically accessible [ 11-16 ]. ported the loss of neutral H atoms from CH3I 2+ in

In order to widen the scope of the available ex- the 5 keV collisions, but this channel was not inves-

Present address: University College London. Chemistry De- tigated in any detail [17].

partment. 20 Gordon Street. London WC I H OJ. UK. In this Letter, we report that CINL reactions are
2 Staff member. Quantum Physics Division. National Institute an important decay channel, not a minor pathway,
of Standards and Technology. for larger fluorinated dications at collision eneigies

0009-2614/93/S 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved. 553



Volume 214, number 6 CHEMICAL PHYSICS LETTERS 19 November 1993

below 100 eV. Given the usual high propensity for after the rare gas jet is pulsed. The spectrum re-
the Coulomb repulsion pathway in molecular dicat- corded before the rare gas jet pulse is a background
ions, this result is surprising and gives important in- spectrum that contains signals from both unimolec-
formation about the potential energy surfaces and ular decay processes and collisions with background
structures of this class of dications. We describe the gases. These background signals, which are very
collisionally induced neutral loss reactions observed small, are subtracted from the spectra recorded after
following collisions of CFV , SF'4÷, SF•* and interaction with the rare gas jet to obtain the product
SF' ÷ with the rare gases, and briefly discuss possible ion signals resulting solely from the collision. The net
explanations for their occurrence. product ion signals are corrected for the small mass

discrimination effects introduced by the deflectors
to obtain the product ion yields for a given reacting

2. Experimental description system. Estimates of the errors in these yields are de-
termined from the standard deviation of a series of

A detailed description of the experimental appa- measurements.
ratus employed to study the reactions of molecular
dications has appeared in the literature [14], and
only a brief overview is presented here. Dications are 3. Results
generated in an ion source by the interaction of a
beam of : 150 eV electrons with a continuous beam Fig. I shows product ion mass spectra recorded
of neutral precursor. The precursors CF4 and SF 6  following collisions of CF1÷ with Xe and SF,•÷ with
were used for the generation of CF13÷ and SF, + spe- Ne. The occurrence of the collision-induced neutral
cies. The ion source is held at a specific voltage which loss reactions is clearly illustrated by the distinct
determines the kinetic energy of the dication beam. CF2 + signal in the CF 4+ /Xe system (fig. l a) and
Ions are extracted from the source and focused into the SF2+ and SF2+ ions observed following colli-
a quadrupole mass spectrometer (QMS). The QMS sions of SF, + with Ne (fig. I b). Note that the CINL
rejects all the ions formed in the source except the reactions of SF,2÷ produce two dicationic products:
dication of interest. This ion beam is then focused SF2+ and SF]÷, as is clearly shown in fig. lb. Sim-
into a collision region where it interacts with a pulsed ilar CINL reactions are observed following collisions
jet of rare gas collision partner. The number density of SF1÷ and SF2+ with the rare gases. All the CINL
of the rare gas atoms is carefully controlled to ensure reactions observed to date are listed in table 1. In
that single-collision conditions exist in this interac- each of the systems which react by CINL (table I),
tion region. Except where noted, all the results re- a small signal due to CICS is also observed in ad-
ported here are for collisions at a laboratory kinetic dition to that from neutral loss reactions.
energy of 49 eV. Fig. 2 shows the CF12+ ion yield of the collision-

Both the ion products from the collisions and un- induced neutral loss reaction of CF'3+ (forming
reacted dications are extracted from the collision zone CFi + + F) as the rare gas collision partner is varied
into the source region of a time-of-flight mass spec- from He to Xe. Fig. 2 shows a marked decrease in
trometer which is used to detect and identify the ions. the ion yield of the collision-induced process as the
A deflector arrangement in the drift tube of the time- rare gas collision partner is changed from He to Xe,
of-flight mass spectrometer is used to compensate for although an initial increase in the yield is observed
the lateral velocity of the precursor ion beam and al- on changing from He to Ne. Note that the data pre-
low the ions to reach a multichannel plate detector. sented in fig. 2 are all at the same laboratory frame
The ion collection efficiency of this experimental ar- kinetic energy. However, the decrease in the CINL
rangement has been described before in the litera- yield displayed in fig. 2 is not a result of the greater
ture [ 14,15 1. The design of the apparatus is such that center of mass kinetic energy in the heavier reduced
the fast product ions derived from the molecular di- mass systems. The increase in the center of mass ki-
cation are detected with high efficiency [ 15 ]. netic energy as the collision partner is changed to

Product ion mass spectra are recorded before and heavier rare gas atoms is expected to result in an in-
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(a)

CF( CF 2+

CF÷

2+

CF2
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Ion Mass

(b) 2SFI
s4

FSF3+

20 30 40 50 60 70 80 90 1UP
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Fig. 1. Product ion mass spectra recorded following collisions, at 49 eV laboratory kinetic energy, of (a) CF2+ with Xe and (b) SF+
with Ne.

crease, not the observed decrease, in the yield of the ever, on raising the laboratory collision energy to 160
collision-induced processes in the collision energy eV, approximately 30% of the ionic products are due
regime below 100 eV [18]. A similar general de- to the neutral loss process. This observatiorn suggests
crease in the ion yield of the neutral loss reaction, on that the neutral loss process has an activation energy.
moving to heavier collision partners, is observed in It appears that this activation energy cannot be sup-
the SF'+ /Rg systems. In fact, the CINL reactions of plied in collisions with the light He atom at Eb = 49
SF1+ and SF2+ become too small to observe with eV because of the low center of mass kinetic energy
the heavier rare gases (table I ). of this system. Raising the laboratory collision en-

For the SF4+ /He system no CINL reaction is ob- ergy raises the energy transferred in the collision, and
served at 49 eV laboratory collision energy. How- allows the system to undergo neutral loss.
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Table I
Relative yield of the observed collision-induced neutral loss reactions at 49 eV laboratory collision energy

Reactant CINL yield (%) ' Product
dication dication

He Ne Ar Kr Xe

CF2÷ 95 86 26 5 2 CF2÷
SF42÷ < I b) 59 18 2 < I SF•÷, SF2÷
SF23 95 97 41 20 12 SF1+
SF2 25 25 < I < I < I SF2 ÷

° The relative CINL yield is expressed as a percentage of the total product ion yield. Uncertainties in these values are approximately
± 10%.

b CINL reactions are observed for the He/SF2÷ system at higher collision energy. See text foa details. The numbers are the sum of the
two channels.

S40 charge-transfer reactions. Previous studies of dicat-
ion reactions, at intermediate collision energy, show
that charge-transfer reactions dominate the reactiv-

S30 ity with the rare gases when these are exothermic
paths [ 12-16 1. We find that this is also the case for

._ the dications studied in the current experiments.
.2 20 However, for the majority of molecular dications, the

. charge-transfer channels with He and Ne are intrin-
-0 sically endothermic. For an endothermic charge-

1o transfer reaction in the intermediate collision energy
regime, no curve crossing mechanism exists between
the reactant and product potential energy surfaces

z and hence endothermic charge-transfer channels areHe Ne Ar Kr Xe not favored [ 14-161. The reactivity of the CF2+ and
Rare Gas SF'+ dications studied in this work conforms to the

above model; with He and Ne little charge-transfer
Fig. 2. Plot of the CF3 + neutral loss ion yield as a function of rare reactivity is observed, and every colisional excita-

gas collision partner. All the experiments were performed at 49 tivet ca resl in a collision-nu ed cess
eV laboratory collision energy. tion event can result in a collision-induced process

(CINL or CICS). However, collisions with the heav-

4. Discussion ier rare gases do not necessarily result in a collision-
induced reaction (CINL or CICS) since CT can oc-

cur with a significant probability. We can therefore
There are several questions that arise from the account for the decrease in the yield of the CINL re-

above experimental results. How can the large per- action with the heavier rare gases as due to the in-
centage yield of the CINL process with He and Ne creased propensity for charge transfer in these sys-
and the decrease in this yield as the rare gas collision tems, which masks the effects of dication collisional
partner changes from Ne to Xe be understood? What excitation.
characteristic of the CF32+ and SF.2+ dications allows The increase in the CINL yield on moving from
for the effective competition between neutral loss re- He to Ne (fig. 2) is most likely due to the increased
actions and charge separation reactions following center of mass kinetic energy available for dication
collisional excitation? excitation, as well as the larger target atom size. With

The decrease in the importance of the CINL re- Ne, the charge-transfer channel is not yet energeti-
action in collisions with the heavier rare gases (fig. cally accessible and hence no competition between
2) is a result of the competition between CINL and charge transfer and CINL is present. Hence, both the
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increase in the center of mass kinetic energy and the mechanism where the neutral loss reaction occurs due
collisional cross section result in an increase in the to a charge-transfer reaction in the CICS exit chan-
CINL yield. nel. The energy transfer in the collision accesses ini-

To understand why collisional excitation of some tially the charge-separating state, and there is an ap-
dications results in both CINL and CICS (e.g. preciable probability of a curve crossing to the neutral
CF2I ) whereas other dications (e.g. CO 2 + or loss potential energy surface as the ions separate. The
OCS2+) only undergo CICS [ 11,14,15 ], we con- character of the avoided crossing must be between
sider the mechanism for the CINL reaction. One can the adiabatic and diabatic limits in order for there
picture a general mechanism where the competing to be an effective competition between CICS and
CINL and the CICS processes are not directly cou- CINL, otherwise just one of the collision-induced
pled, but where two different non-interacting reac- processes will be observed. The relative energies of
tion pathways correspond to the two collision-in- the neutral loss and charge-separation asymptotes
duced processes. Thus, energy transfer in the collision determine whether the curve crossing lies at an ap-
allows the dication to pass over a barrier to CINL propriate internuclear distance to allow the compe-
products, or over another barrier to CICS products. tition between CINL and CICS [ 19 ]. Therefore, in
The barrier to CINL could correspond to the vibra- this model, the competition between neutral loss re-
tional excitation required to break an X-F bond or actions and charge separation following dication col-
to the energy required to achieve a promotion to a lisional excitation is a consequence of the energetics
dissociative electronic state. Following the conven- of the dication system.
tional arguments for collision-induced dissociation Previous theoretical estimates have shown that the
[18], the occurrence of a CINL reaction could in- CINL and CICS asymptotes must be separated by
dicate a weak XF+- bond (low barrier), which 72-5 eV for the curve crossing to lie between the
is easily broken following dication excitation in the diabatic and adiabatic limits [ 14-16 1. As shown in
collision. Such a model of the CINL reaction is rather fig. 3, the separation of these asymptotes is deter-
simplistic and undoubtedly does not incorporate the mined by the difference between the energy required
full multidimensionality of the polyatomic dication to form the dicationic product of the CINL reaction
potential energy surface. However, if this simple bond (XF2,j1 ) from the corresponding singly charged ion
strength argument is essentially correct, one could (XF+ 1 ) and the first ionization potential of the
picture these larger dications as being made up of a neutral species lost in the CINL process. For many
strongly bound dication core (e.g. CF22 or SF2+) small dications, the neutral loss and charge-separa-
bonded weakly to one or more fluorine atoms.roeactio n tion asymptotes are separated by significantly more

Fig. 3 illustrates an alternative CINL than 5 eV, for example ; 11 eV in the case of CO2+.
However, the dications like CF23 and SF.+ have two
features which combine to bring these two asymp-
totes closer together. First, F atoms, which are the
neutral species involved in each of the examples (eq.
(3)). have a high ionization potential. Second, the

> ionic species observed as products from the neutral
S..loss reactions are triatomics or larger species (e.g.LU .2 E = IP(X n 1 )-IP F 2 1

AEIP(XF,. - IP(F) SF3 ) whose corresponding singly charged species
(SF'") will have markedly lower ionization poten-

Xn. tials than typical diatomics. These energetic factors
__could, in larger fluorinated dications, bring the curve

r (XFn. 1 - F) crossing to favorable locations (fig. 3) where CICS

Fig. 3. Schematic potential energy surfaces for a charge-transfer and CINL can compete effectively. Un.-ortunately,
mechanism of the collision-induced neutral loss reaction. See text precise estimates of the potential energy curves and
for details. the avoided crossing radius cannot be performed
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